The organic anion transporters OAT1 (SLC22A6) and OAT3 (SLC22A8) have similar substrate specificity for drugs, but it is far from clear whether this holds for endogenous substrates. By analysis of more than 600 metabolites in the Oat3KO (Oat3 knockout) by LC/MS, we demonstrate OAT3 involvement in the movement of gut microbiome products, key metabolites, and signaling molecules, including those flowing through the gutliver-kidney axis. Major pathways affected included those involved in metabolism of bile acids, flavonoids, nutrients, amino acids (including tryptophan-derivatives that are uremic toxins), and lipids. OAT3 is also critical in elimination of liverderived phase II metabolites, particularly those undergoing glucuronidation. Analysis of physicochemical features revealed nine distinct metabolite groups; at least one member of most clusters has been previously validated in transport assays. In contrast to drugs interacting with the OATs, endogenous metabolites accumulating in the Oat1KO (Oat1 knockout) versus Oat3KO have distinct differences in their physicochemical properties; they are very different in size, number of rings, hydrophobicity, and molecular complexity. Consistent with the Remote Sensing and Signaling Hypothesis, the data support the importance of the OAT transporters in inter-organ and interorganismal remote communication via transporter-mediated movement of key metabolites and signaling molecules (e.g. gut microbiome-to-intestine-to-blood-to-liver-to-kidney-tourine). We discuss the possibility of an intimate connection between OATs and metabolite sensing and signaling pathways (e.g. bile acids). Furthermore, the metabolomics and pathway analysis support the view that OAT1 plays a greater role in kidney proximal tubule metabolism and OAT3 appears relatively more important in systemic metabolism, modulating levels of metabolites flowing through intestine, liver, and kidney.
vide a means to link these transporters into normal physiological pathways.
Based on metabolomics analyses (as well as metabolic reconstruction studies) using data from the OAT1 knockouts, which indicate a broad role for OAT1 in the transport of key metabolites and signaling molecules, it has been proposed that these transporters regulate systemic and local physiology through the transfer within and between organs, body fluids, and organisms of small molecules regulating metabolism, signaling, and redox state. The more fully developed theory is called the Remote Sensing and Signaling Hypothesis (2, 3, 21, 25, 31, 33, 36 -39) . There is recent support for this idea in murine pathophysiological models and in human disease (2, 3, 37, 40 -43) .
Despite the very clear implication of OAT1 in regulating a wide variety of metabolic and signaling processes in vivo, and despite the fact that OAT3, by and large, appears to transport very similar (organic anion) common drugs in vitro and in vivo (39, 44) (with the exception that OAT3 has a greater propensity to interact with a limited number of organic cation drugs than OAT1 (44, 45) ), the data on the role of OAT3 in regulating metabolism and signaling in vivo is comparatively sparse. In part, this is the result of the fact that early targeted and untargeted metabolomics studies that were successful in identifying endogenous OAT1 substrates in the Oat1KO were less successful in the Oat3KO (11, 17, 20, 25) . Nevertheless, the limited early metabolomics data from the Oat3KO, as well as in vitro transport data (3), indicated differences in the ligand/substrate preferences between the two OATs, particularly in the case of metabolites and signaling molecules.
We have now analyzed and performed pathway analysis of robust metabolomics data from the Oat3KO mouse, which indicate a role for OAT3 in the movement of metabolites flowing through the "gut-liver-kidney" axis, especially gut microbiome metabolites, bile acids, and nutrients that have undergone modification by phase 2 liver DMEs involved in sulfation and glucuronidation reactions. Furthermore, a large number of these metabolites are potentially involved in "metabolite sensing and signaling" via GPCRs throughout the body.
Surprisingly, in contrast to drug transport studies that indicate OAT1 and OAT3 (drug) ligands have extremely similar physicochemical characteristics, endogenous metabolites altered in the Oat3KO tend to be much larger, more hydrophobic, and much more complex than those seen in the Oat1KO. The data seem to reflect distinct roles in endogenous physiology for the two OATs, in that OAT3 appears to be more important in regulating the levels of metabolites flowing through a gut-liver-kidney axis, but less important than OAT1 in regulating kidney PT energy metabolism.
Results
From a physiological standpoint, both of the OAT knockouts appear to have no growth abnormalities and have survival comparable with the wild type (10, 11) . In the Oat3KO, there are no clear histological abnormalities in the liver, choroid plexus, or kidney (10) . Detailed physiological analysis of renal function revealed no abnormalities (17, 22) , although the Oat3KO has a slightly lower blood pressure than the wild type (17) .
Much is known about drug transport capacity by OAT1 and OAT3 (2, 3, 31) . The Oat3KO (like the Oat1KO) has been extensively characterized from a pharmacological standpoint, and the in vivo data are quite consistent with the in vitro data (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . For example, the Oat3KO has diminished uptake of the classical substrate estrone sulfate in renal slices (10) , a diminished diuretic response due to the inability to transport diuretics into the renal PT lumen (13, 17) , alterations in the renal handling of the known OAT3 substrate urate (12) , diminished excretion of antibiotics (14, 15) , as well as diminished uptake of antivirals in renal and choroid plexus organ/tissue cultures (18, 19, 23) . All of these are known in vitro substrates for OAT3 in cell-based transport assays (3) . In summary, the Oat3KO has normal growth and survival, normal histology, and the expected defects in transport of pharmaceuticals based on in vitro transport data in cells expressing OAT3.
Metabolomics data from the Oat1KO has led to the identification of many metabolites, many reflecting altered kidney proximal tubule metabolism, and its involvement in aspects of systemic metabolism and signaling (11, 20, 21, 37) . Until now, similar metabolomics data from the Oat3KO has not been available. In this study, robust metabolomics data from the serum of adult Oat3KO mice have been obtained and indicate a role for OAT3 in the "handling" of a wide range of metabolites, including gut microbiome metabolites, bile acids, and nutrients, many of which flow through the gut-liver-kidney axis.
Of note, metabolites accumulating in serum of the Oat3KO may be present because they are not transported out (cleared) of the blood due to the deletion of the transporter or because of indirect cascade effects resulting from the lack of transport of a key metabolite in a biological pathway (20, 34) . In addition, although in some cases, OAT3-mediated metabolite transport has been directly tested (using a labeled metabolite), such instances are relatively few; in many cases, and as with drugs, transport is assumed based on assays involving inhibition of uptake of a labeled probe, an assumption that may not always hold (40) . For these reasons, we prefer the term handling by OAT3 when generally referring to metabolites accumulating in the knockout to avoid the implication that each metabolite is proven to be directly transported.
By analysis of molecular features and the use of agglomerative hierarchical clustering tools, we have been able to group likely (and partly validated in vitro) OAT3 ligands into nine groups with very distinct characteristics. Despite the extreme similarity of OAT1 and OAT3 drug ligands (44) , quite surprisingly, the endogenous metabolites with altered concentrations in the two knock-out animals are structurally and functionally very different (see below); endogenous metabolites with altered concentrations in the Oat3KO are larger, more hydrophobic, and more complex metabolites (with more ring structures) than those altered in the Oat1KO (see below), supporting a very different role in systemic physiology for OAT3 than OAT1, particularly with respect to inter-organ and inter-organismal communication involving metabolites and signaling molecules (e.g. gut microbiome-gut-blood-liver-kidney-urine). Furthermore, renal OAT3 appears closely tied to UDP-glucuronosyltransferases-mediated liver phase II glucuronidation and may, indeed, be the primary route of excretion for glucuroni-dated molecules. Below, we detail these molecules, the metabolomics, and signaling pathways modulated by OAT3, and we arrive at a novel physiological perspective on the roles of OAT1 and OAT3 in systemic and kidney (proximal tubule) physiology.
Metabolomics analysis of the Oat3KO
In the metabolomics analysis of the plasma collected from wild-type and Oat3KO mice, a total of 611 metabolites of known identity were detected across both groups. Partial least squares discriminant analysis revealed a clear separation of knock-out and wild-type groups based on their metabolite profile ( Fig. 1 ). Overall, in the plasma of the Oat3KO mouse, a total of 137 metabolites (ϳ22% of all the metabolites detected) were found to have significantly altered serum concentrations (either increased or decreased).
In addition to these 137 significantly altered metabolites, another 60 metabolites exhibited trends toward significant differences between the two groups (0.05 Ͻ p Ͻ 0.10). Of this total of 197 endogenous metabolites, 80 were increased, and 117 metabolites were decreased in the serum of the Oat3KO compared with the wild-type controls.
The intensities of the samples altered in the Oat3KO serum were also plotted relative to the intensities of the samples in wild type in a Z-score plot ( Fig. 1) . Here, the distance of each dot from the x axis is reflective of the number of standard deviations above (positive value; up) or below (negative value; down) the average value of the wild-type observation. From the Z-score plot, it is evident that the endogenous metabolites displaying the greatest magnitude of change are those that accumulate in the serum of the Oat3KO; in contrast, those with significant decreases in concentration of the serum of the Oat3KO display much smaller changes ( Fig. 1 ). Thus, in the analysis that follows, we focused our attention on those 80 endogenous metabolites that are accumulating in the serum of the Oat3KO mouse (supplemental Table 1 ).
Oat3KO accumulates gut microbiome-derived metabolites involved in gut-liver-kidney axis
To investigate the functional role(s) of the metabolites accumulating in the plasma of Oat3KO mice, a pathway set enrichment analysis was performed (Fig. 1C ). The affected metabolite/signaling pathways included the metabolism of amino acids (tryptophan, phenylalanine, and tyrosine), lipids (bile A, metabolomic profiling reveals separation between serum metabolites from Oat3KO (KO; red) and wild-type control mice (WT; green) by partial least squares discrimination analysis. B, Z-score plot of Oat3KOs metabolite intensities (red) against wild-type metabolites (blue). Each dot represents one metabolite observation for one sample, and positive changes in metabolite concentration (up in the plasma of the Oat3KO) are seen above the x axis, and negative changes in metabolite concentration (down in the plasma of the Oat3KO) are seen below the x axis. The distance from the x axis is the magnitude of the alteration in plasma concentration. As can be seen, although many metabolites show a decrease in their serum concentration in the Oat3KO, the metabolites displaying the largest changes in concentration are overwhelmingly those that accumulate in the plasma of the Oat3KO. C, table of pathway analysis of metabolites accumulating in the serum of the Oat3KO. The top pathways affected are shown and are ranked by p value (determined by hypergeometric test). Hits refer to the number of endogenous metabolites within each pathway that were found to significantly accumulate in the serum of the Oat3KO. Total detectable refers to the number of all metabolites in each pathway that are actually detectable on the metabolomics platform.
OAT3 metabolite ligands and the gut-liver-kidney axis
acid metabolism), cofactors, and vitamins (vitamin B 6 ), as well as xenobiotics (dietary components, including benzoate) (Fig.  1C ). The most highly represented metabolic pathways are shown and ranked according to the p value determined by hypergeometric analysis.
What is perhaps most striking about these various pathways is the degree to which they are comprised, at least in part, of metabolites that are presumed to originate from or are dependent on the gut microbiome. For example, tryptophan and phenylalanine are essential amino acids absorbed into the circulation via the gut, whereas the level of bile acids (which are synthesized in the liver as primary bile acids, secreted into the bile, and reabsorbed in the intestine as secondary bile acids) (46) depends upon gut microbial metabolism (47) . In this regard, it is worth noting that secondary bile acids were significantly altered in the plasma of the Oat3KO (p Ͻ 0.01). In addition, vitamin B 6 (pyridoxine) and benzoate (a simple carboxylic acid produced in the gut from the digestion of dietary aromatic compounds (e.g. polyphenols, purines, and aromatic organic acids and amino acids), as well as other dietary components (48 -50) are all also derived from the gut.
In fact, of those metabolites that were significantly increased (p Յ 0.05) in the Oat3KO, a number are derived from the microbiome (51); of the more than 40 metabolites that have a gut microbiome origin among the 611 detectable (Table 1) , 12 were found to be significantly increased (p Ͻ 0.05) in the plasma of the Oat3KO, which represents a significant enrichment for these types of metabolites (p Յ 2.53E-05).
Another striking feature about the list of accumulating metabolites is that they generally reflect the movement of molecules from the gut microbiome through the gut-liver-kidney axis. For example, many of these gut microbiome-derived metabolites are metabolized in the liver (i.e. indoxyl sulfate being formed as a result of phase 2 DME modification of indole in the liver), but, based on their accumulation in the plasma of the Oat3KO, they are excreted largely via the kidney. The data indicate a central role for OAT3 in the flow of metabolites within this gut-liver-kidney axis involved in the absorption, metabolism, and excretion of endogenous metabolites (as discussed in more detail below, this is different from OAT1, which appears to have a more substantial role in proximal tubule energy metabolism). Because these gut microbiome-derived/contributed metabolites participate in a variety of biological pathways, including pathways aberrant in chronic kidney disease (27) , they will also be discussed below in the context of the pathways (Fig. 2) . Table 1 Metabolites of microbiome origin detected on the metabolomics platform A list of 41 metabolites found on the Metabolon platform which have presumed microbiome origin (51) . A check mark in column 4 indicates that this metabolite significantly accumulated in the plasma of the Oat3KO, and no mark indicates that significant accumulation was not detected. Please see Ref. 51 for details.
Metabolite
KEGG HMDB 
Significant plasma accumulation in
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Of the 611 metabolites detectable in the metabolomics analysis, 55 of them (ϳ9%) fall into the xenobiotic superpathway category (Figs. 2 and 3). Of these 55 metabolites, 14 of them (ϳ25%) were found to significantly accumulate in the plasma of the Oat3KO (supplemental Table 1 ), which represents a statistically significant enrichment (p Ͻ 0.01) in such metabolites in the population of 80 metabolites accumulating in the plasma of the Oat3KO. These metabolites fell into a number of subpathways, including those involved in the metabolism of benzoate and food components, as well as drugs and chemicals.
The food component metabolite displaying the greatest level of accumulation was equol glucuronide, which was significantly increased more than 42-fold in the Oat3KO (p Յ 0.05; q Յ 0.05) ( Fig. 3 ). Equol, a metabolite of the soy isoflavone daidzein, is produced by the gut microbiome and metabolized to equol glucuronide by UDP-glucuronosyltransferases, phase II drug-metabolizing enzymes in the liver (52) . Circulating equol metabolites are generally present as glucuronidated conjugates; however, monosulfated forms can also be present (53) , and here equol sulfate was also increased more than 7-fold in the Oat3KO (Fig. 3 ).
In addition to equol, other dietary metabolites, including those belonging to pathways involved in the metabolism of benzoate, were also significantly increased in the plasma of the Oat3KO (supplemental Table 1 ) ( Fig. 3 ). In the liver and kidneys, dietary benzoate is conjugated to glycine to form hippurate (54) , which is the most abundant amino acid conjugate excreted in the urine (55), which is yet another link to the gutliver-kidney axis.
Amino acid metabolism, tryptophan
Deletion of Oat3 also resulted in changes in the plasma levels for a number of metabolites belonging to several different pathways involved in the metabolism of amino acids (supplemental Table 1 ) ( Fig. 4 ). Among those metabolites demonstrating high levels of plasma accumulation in the Oat3KO were those metabolites arising from the metabolism of tryptophan.
Tryptophan, an essential amino acid, is absorbed from the gut and enters the circulation via transporters expressed on the enterocytes (56) . A number of metabolites arising from the metabolism of tryptophan were found to accumulate in the plasma of the Oat3KO, including N-acetylkynurenine, serotonin, indoleacetate, indole lactate, 3-indoxyl sulfate, indole-3carboxylic acid, and N-acetyltryptophan (supplemental Table  1 ). Among these metabolites, indole lactate, which had an ϳ5-fold increase in plasma concentration in the Oat3KO (p Յ 0.05; q Յ 0.05), had the largest change in concentration for metabolites in this pathway ( Fig. 4) .
Essential amino acids, such as tryptophan, are also part of this gut-liver-kidney axis. For example, tryptophan is absorbed from the gut, and much of this ingested tryptophan will be metabolized in the liver via the kynurenine pathway (57) . Some of this absorbed tryptophan will also be converted to the neurotransmitter, serotonin, either in enterochromaffin cells of the gut or by the pineal gland (56, 58 -60) , whereas a small fraction of ingested and absorbed tryptophan is excreted unchanged in urine. Unabsorbed tryptophan in the gut will undergo degradation by the microbiome yielding indole, indican, and indole acid derivatives (56, 58, 59) . Indole is absorbed 
OAT3 metabolite ligands and the gut-liver-kidney axis
by the gut and metabolized in the liver to indoxyl sulfate, which is excreted by the kidney.
Amino acid metabolism, phenylalanine and tyrosine
About a quarter of the metabolites comprising the metabolism of phenylalanine and tyrosine pathway were significantly increased in the Oat3KO (supplemental Table 1 ), including gentisate, phenyllactate (PLA), p-cresol sulfate, p-cresol-glucuronide, phenol sulfate, and 3-(3-hydroxyphenyl)propionate sulfate ( Fig. 4) . For example, a gut microflora-derived metabolite of caffeic acid, 3-(3-hydroxyphenyl)propionate sulfate (61) (the sulfated form of 3-(3-hydroxyphenyl)propionate, which was also increased and trending toward significance ( Fig. 4) ), displayed the largest increase in plasma concentration with a Ͼ8-fold change (p Յ 0.05; q Յ 0.05). Similar to tryptophan, phenylalanine is an essential amino acid absorbed from dietary sources in the gut, and it is converted into tyrosine in the liver by phenylalanine hydrolase (62, 63) . Both of these amino acids also share a common pathway of degradation in the liver (64) . Moreover, taken together with the metabolomics data on tryptophan above, a number of metabolites comprising tryptophan metabolism, as well as the phenylalanine and tyrosine metabolism pathway are subsequently excreted by the kidney, providing another link to the gut-liver-kidney axis.
Lipid metabolism
The majority of altered lipid metabolites were actually up in the plasma of wild-type mice compared with Oat3KOs, especially those lipids belonging to the phospholipid and sphingolipid metabolic pathways (Fig. 2) . Phospholipids, sphingolipids and lysolipids are the principal components of lipid bilayers in cell membranes, and these findings may reflect reductions in cell membrane remodeling in the Oat3KO compared with the wild type. Nevertheless, endogenous metabolites associated with lipid metabolism (particularly primary and secondary bile acids) were also found to accumulate in the plasma of Oat3KO mice.
Bile acid metabolism
Cholate, a primary bile acid metabolite, was increased almost 160-fold in the plasma of the Oat3KO (p Յ 0.05; q Յ 0.05) ( Fig.  5 ; supplemental Table 1 ), whereas another primary bile acid metabolite, ␤-muricholate, was increased over 24-fold (p Յ 0.05; q Յ 0.05) ( Fig. 5 ; supplemental Table 1 ). Interestingly, several other primary bile acids, including taurocholate, glycocholate, chenodeoxycholate, tauro-␤-muricholate, and taurochenodeoxycholate were also increased (almost 30-fold in the case of taurochenodeoxycholate), although the increases did not reach statistical significance but were trending toward significance ( Fig. 5) .
A number of secondary bile acid metabolites were also significantly increased, including 7-ketodeoxycholate, deoxycholate, and ursodeoxycholate (again, several other secondary bile acid metabolites were increased over 10-fold and trending toward significance, including tauroursodeoxycholate, taurodeoxycholate, and taurohyodeoxycholic acid) ( Fig. 5) .
Primary bile acids are synthesized in the liver from cholesterol and then transformed by the gut microbiome to secondary bile acids (65) . Primary and secondary bile acids can be reabsorbed from the gut and enter the circulation where most return to the liver via portal circulation. Although bile acids are largely excreted by the hepatobiliary system (66), in the setting 
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of cholestasis, the renal excretion of bile acids increases (67), apparently mediated by OAT3 (68) . In addition, in the setting of chronic kidney disease, serum bile acid levels are increased (69) . Thus, OAT3 appears to be capable of mediating the renal secretion of bile acids, and this again supports the central role of renal OAT3 in regulating metabolites flowing through the gutliver-kidney axis.
Physicochemical analysis of OAT3 interacting metabolite ligands
To further characterize the endogenous metabolites altered in the Oat3KO, 67 OAT3 metabolites (i.e. metabolites identified in this study, together with those from previous metabolomics analyses) (12, 17, 25) were computationally analyzed and grouped based on the similarities of their chemical structures. Although a few metabolites did not cluster into any of the groups, this analysis resulted in the generation of nine distinct groups of metabolites (Fig. 6 ). The number of metabolites within each group varied with the smallest group (group VIII) containing just two metabolites (i.e. imidazole propionate and 1-methylimidazole acetate) and the largest group (group I) containing 13 metabolites (including a number of short chain fatty acids known to function in signaling) (Fig. 6) .
The physicochemical properties of the various metabolite ligands comprising each cluster were calculated and compared ( Table 2 ). Despite structural similarity within the clusters, there were striking differences in the physicochemical properties between the clusters ( Table 2 ). For example, the clusters displayed distinct differences in average molecular mass, ranging from a low of ϳ140 Da (group VIII, imidazole-containing compounds) to a high of ϳ433 Da (group III, flavonoid metabolites) ( Table 2 ). The clusters also showed distinct differences in the ratio of polar surface area to total area and structural complexity, as well as a number of other attributes ( Table 2 ). In addition, variations in hydrophobicity (logP) and solubility (logS) were also observed ( Table 2 ).
In vitro support for the Oat3KO metabolomics
Although it is a huge undertaking to test each of the metabolites changing in the Oat3KO for direct transport (requiring the synthesis and use of dozens of labeled substrates) by in vitro transport assays, it is possible to compare physicochemical features of known metabolites transported in vitro by OAT3 (3) to those metabolites accumulating in the Oat3KO. Therefore, we examined published wet lab data, including our own (17, 25) , for the ability of metabolites within each cluster to interact with OAT3 in vitro (i.e. either transport data (K m ) or inhibition data (K i or IC 50 )) (3). Thus, an extensive list of endogenous metabolites for which in vitro data exist for interaction with OAT3 was compiled and compared with the metabolite ligands comprising each metabolite cluster. When all in vitro endogenous metabolite transport data from this literature search was re-clustered together with the knock-out metabolites, ϳ90% of the metabolites with in vitro data fell into one of the nine groups of knock-out metabolites. For example, in the re-clustered cluster II (which contains bile acids and steroids), while three metabolites had both in vivo and in vitro support, altogether 19 metabolites with in vitro and/or in vivo support clustered together (based on common physicochemical properties, supplemental Table 2 ). Using this approach, nearly all clusters of endogenous metabolite ligands were found to contain at least one metabolite for which in vitro assays have shown an ability to interact with OAT3; in other cases, a structurally related metabolite (e.g. epicatechin galleate as opposed epicatechin 3-O-(3-O-methylgallate)) which clustered with the group has been shown to interact with OAT3 in in vitro assays (Table 3) . Taken together, the data provide broad support for the notion that molecules with physicochemical properties unique to each group of metabolites accumulating in the Oat3KO in vivo are capable of interacting with the OAT3 transporter in cell-based transport assays.
Comparison of OAT3 with OAT1 metabolite and drug ligands reveals unexpected marked differences in the substrate specificity of OAT1 and OAT3
In a recent study, statistical analysis was performed on the physicochemical descriptors of ϳ250 drugs known to interact with one or more SLC22 drug transporters, including OAT1 and OAT3, to investigate the structural differences of highaffinity drug ligands of the different transporters (44) . In that study, it was found that although there were some subtle differences between OAT1 and OAT3 (i.e. certain OAT3 drug ligands appear to have a slightly more positive charge and longer hydrophobic chains) the drug ligands for these two organic anion transporters are remarkably similar (44) . This is consistent with the conventional view in the literature as well. However, although that study provided important information about the structural features targeting drugs for interaction with a particular SLC22 transporter, the input data (i.e. physicochemical features of interacting drugs) is likely to be skewed by the approaches employed by the pharmaceutical industry (70) , which could help explain why this drug ligand-based approach led to the identification of only subtle differences in the molecular characteristics targeting drugs for OAT1 or OAT3 (44) .
Based on the idea that the physiological substrates of these transporters are more likely to provide better insight into the unique substrate specificities of OAT1 and OAT3, a similar structural comparison of the endogenous metabolites detected in vivo in the OAT knock-out mice was undertaken in this study. Previous untargeted and targeted metabolomics studies of the serum and/or urine of the Oat1KO resulted in an extensive list of endogenous in vivo metabolites with altered serum and/or urine concentrations (11, 20, 25, 27) ; similar targeted and untargeted metabolomics studies using the serum and/or urine from Oat3KOs have only described a limited number of metabolites altered in the Oat3KO (12, 17, 25, 27) . By including the Oat3KO metabolomics data described here, it was possible to calculate and compare the physicochemical properties for large sets of metabolites present in the two knockouts.
ICM, a commercially available computational chemistry software (Molsoft, San Diego, CA), as well as PubChem were utilized to compare a number of physicochemical attributes of the metabolite ligands, including complexity, molecular mass, logP, atom counts, and ring counts. t test analyses were performed on pairwise comparisons of the individual attributes of OAT3 metabolite ligands and the gut-liver-kidney axis OAT1 and OAT3 endogenous in vivo metabolites (Fig. 7) . Unlike the drug ligands, the metabolites with altered concentrations in the Oat1KO and Oat3KO were strikingly different, and statistically significant differences were identified in the physicochemical structures of the metabolites. The attributes that had among the lowest p values for each comparison are summarized in Fig. 7 . In contrast to the structurally similar drugs transported by OAT1 and OAT3 (44), metabolites accu- Figure 6 . Clusterization of metabolites. Endogenous metabolites found to increase in the serum of the Oat3KO in this and previous studies (17, 23) were clustered based on their physicochemical structures. The metabolites clustered into nine distinct groups; there were also several orphans that did not cluster into any group.
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mulating in the serum of the Oat3KO were larger, more complex, more hydrophobic (e.g. higher logP), and had more rings than those found in the Oat1KO (Fig. 7) . In fact, of 24 endoge-nous metabolites examined for which published in vitro transport or binding data exist for both OAT1 and OAT3 (supplemental Table 3 ), only six had similar in vitro transport or binding, a OAT1/OAT3 ratio of transport (K m ) or binding (K i or IC 50 ) between 0.5 and 1.5. Hippurate was one of these five metabolites and has a reported K i of 18.8 M for OAT1 and 30.8 M for OAT3 and thus an OAT1/OAT3 ratio of 0.61. In other words, 18 of 24 metabolites had a strong preference (Ն1.5-fold) for either OAT1 or OAT3 (supplemental Table 3 ). Taken together, these findings not only reveal global differences in the chemical structures of the endogenous metabolites accumulating in their respective knockout (Fig. 7) , but importantly, this suggests that, at least for these two OATs, the endogenous "metabolite space" is likely distinct from "drug space." Table 2 Quantitative molecular property measurements of Oat3 knockout metabolites
The table summarizes the comparisons of the physiochemical descriptors for each of the nine clusters of OAT3 metabolite ligands. Metabolites were clustered based on their physiochemical descriptors into nine distinct groups (Fig. 6) Table 3 Examples from each OAT3 endogenous metabolite cluster with wet lab data showing interaction with OAT3 Exemplary chemical structures for metabolites in each group are shown (Column 2). Metabolites within each cluster for which in vitro data exist are shown in Column 3. If in vitro data do not currently exist for any of the metabolites within a cluster, then a structurally related molecule for which in vitro data exists for interaction with OAT3 is shown (Column 4, related metabolites with in vitro data).
* K m , K i , or IC 50 data are not available, but it has been shown to inhibit Oat3-mediated transport activity.
Figure 7. Comparisons of physicochemical descriptors reveal significant differences between metabolites accumulating in the serum of the
Oat3KO versus those accumulating in the Oat1KO. Top panel, table of pairwise comparisons of some physicochemical descriptors for endogenous metabolites with altered concentrations in Oat3KOs and Oat1KOs. Metabolites were compiled from either prior metabolomics analyses of the transporters (11, 12, 17, 20, 25, 83) or from this analysis of the Oat3KO. The p value for each comparison is indicated below the name of each attribute. The data for each attribute is the mean Ϯ S.E. Bottom panel, a series of bar graphs for some of the attributes seen in the top panel to allow for visualization of the differences. The attributes compared in each graph are shown below the graph (black bar, OAT3; gray bar, OAT1; *, p Յ 0.05; ***, p Յ 0.001).
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Discussion
Comparison of the plasma metabolomics of the Oat3KO to the Oat1KO revealed surprisingly striking differences despite the fact that the drug molecular properties for these two transporters are largely similar (44) . Metabolic differences in the Oat3KO versus the wild type included accumulation of metabolites associated with the metabolism of flavonoids, tryptophan, phenylalanine and tyrosine, and bile acids, as well as disruption of xenobiotic metabolism (e.g. dietary components and benzoate). Thus, OAT3 deletion alters normal transport functions leading to the accumulation of endogenous metabolites involved in important metabolite and signaling pathways. Many of these metabolites are linked to the gut microbiome and gut microbiome-derived metabolites, a number of which are metabolized in the liver and are ultimately excreted by the kidney. The data also point to an important association of OAT3 with flow of metabolites through the gut-liver-kidney axis.
In this context, gut-liver-kidney axis refers to the uptake of a metabolite (e.g. dietary component or gut microbiome product) from the gut, which is then metabolized in the liver and is ultimately excreted by the kidney. For example, equol glucuronide and equol sulfate, among the most elevated metabolites in the Oat3KO (increased as much as ϳ40-fold), ultimately derived from metabolism of daidzein, a soy isoflavone, by the gut bacteria, is absorbed as equol from the intestinal lumen via transporters expressed on the luminal membrane of the enterocytes where it is ultimately transported into the blood (53) . Equol is then picked up and transported into the liver where it is then glucuronidated or sulfated via DMEs in the hepatocytes to equol glucuronide/equol sulfate (52) , which is then transported back into the blood where it has access to various organs and it is ultimately excreted by the kidney.
The data presented above provide additional support for the relevance of the Remote Sensing and Signaling Hypothesis. This hypothesis, first formulated a decade ago (39) and subsequently elaborated (2, 3, 21, 25, 31, 36 -38, 42, 43) , emphasizes the central role of solute carrier and ATP-binding cassette transporters to inter-organ and inter-organismal small molecule communication throughout the body and thus the importance of the transporters to modulation of metabolism and signaling. As such, it is envisioned as a small molecule homeostatic system similar to the neuroendocrine system. A majority of the identified endogenous metabolites accumulating in the plasma of the Oat3KO are absorbed from the gut metabolized in the liver and are excreted by the kidney. This gut-liver-kidney axis can be viewed as transporter-dependent inter-organ movement of small organic anions. If we consider the gut microbiome, then this amounts to transporter-mediated inter-organismal communication; to the extent that these gut-derived molecules are involved in signaling, this amounts to remote inter-organismal signaling.
As discussed below, many of the metabolites (e.g. bile acids and lipids) are themselves capable of activating signaling pathways, and they have been implicated in what has been termed "metabolite sensing and signaling" (71, 72) . For example, gentisate, an intermediate of tyrosine degradation, accumulates in the plasma of Oat3KO mice ( Fig. 4 ; supplemental Table 1 ) and functions as an agonist of the G-protein-coupled receptor, GPR35 (64) . GPR35 can be activated by other dietary metabolites (e.g. kynurenine and tryptophan metabolites) and belongs to a group of "metabolite-sensing" GPRs, which includes GPR43, GPR41, GPR109A, and GPR120 (73) . GPR35 has been implicated in modulating synaptic transmission as well as neurogenic and inflammatory pain (74) .
In addition, bile acids are now recognized as versatile signaling molecules based primarily on their ability to act as ligands for G protein-coupled receptors, such as the membrane receptor TGR5, as well as nuclear receptors like the farnesoid X receptor (65, 75, 76) . Bile acid-mediated activation of these receptors leads to specific signaling pathways involved in the regulation of many physiological functions, such as lipid, glucose, and energy metabolism (65) . Taken together, the data not only provide evidence supporting OAT3 as a critical component of the gut-liver-kidney axis, they also suggest a role for OAT3 in modulating local and systemic physiological pathways by regulating the uptake and excretion of intermediate metabolites and signaling molecules.
Furthermore, it has also been suggested that the OATs, which have homology to G protein-coupled receptors (such as OAT1/SLC22A6, OAT3/SLC22A8, and OAT6/SLC22A20) may also function in the sensing of odorants and/or short chain fatty acids, possibly as transceptors (18, (33) (34) (35) 39) . Thus, the potentially intimate connection of SLC "drug" transporters to metabolite sensing and signaling is a vital area for further exploration in the context of the Remote Sensing and Signaling Hypothesis (2, 3) .
Other small organic anions identified are also important cofactors in other biochemical pathways. For example, pyridoxal, which is converted to pyridoxal 5Ј-phosphate (the active form of vitamin B 6 ) in the liver, and pyridoxic acid, the catabolic product of pyridoxal excreted in the urine, were also significantly increased in the Oat3KO (supplemental Table 1 ). Pyridoxal 5Ј-phosphate also functions as a cofactor in a number of physiological pathways, including neurotransmitter synthesis (i.e. serotonin, dopamine, epinephrine, norepinephrine and GABA). OAT3 is also involved in elimination of sulfated and acetylated metabolites, including many derived from the gut microbiome. Together with previous metabolomics analyses of the Oat1KO, these data highlight the central role of OAT3 and OAT1 in the regulation of numerous metabolites and signaling molecules, including gut microbiome-derived metabolites, many of which are also categorized as uremic toxins or uremic retention solutes (20, 27) .
Clusterization based on the physicochemical descriptors of the endogenous metabolites accumulating in the serum of the Oat3KO revealed nine distinct groups ( Fig. 6 ; Table 2 ). Moreover, although there is overlap of metabolites attributable to loss of OAT1 and OAT3 function, there are also striking differences ( Fig. 7) . For instance, examination of the physicochemical attributes of OAT1-and OAT3-interacting metabolites revealed clear differences between the groups (Fig. 7) . On average, OAT3 interacting metabolites appear to be larger and more complex, possessing more ring structures (Fig. 7) . OAT3 interacting endogenous metabolites also appear to be more lipophilic, having a higher logP than OAT1-interacting metab-OAT3 metabolite ligands and the gut-liver-kidney axis olites. Crucially, unlike drugs known to interact with OAT1 and OAT3, which were highly similar, endogenous metabolites accumulating in the Oat knockouts are physicochemically very different (Fig. 7) . This finding has important consequences for metabolite-based tissue targeting of drugs, for example, to increase renal excretion.
It is widely accepted that OAT1 is an antiporter that exchanges its plasma ligand for intracellular ␣-ketoglutarate (77, 78) . Thus, OAT1 is closely linked to proximal tubule aerobic metabolism. Consistent with this view, the Oat1KO shows a higher urinary and lower plasma concentration for ␣-ketoglutarate (11) (supporting the importance of OAT1-mediated regulation of the movement of ␣-ketoglutarate (a key TCA cycle intermediate) in the proximal tubule). The TCA cycle is noteworthy, because it includes metabolites known to be classical substrates of OAT1, such as ␣-ketoglutarate, citrate, fumarate, and succinate (2, 4, 39, 79) ; in contrast, we observed no significant change in the plasma levels of ␣-ketoglutarate (or other TCA cycle intermediates) in the Oat3KO. In fact, it has previously been reported that levels of these metabolites are actually decreased in the urine of Oat3KO mice (25) ; this is the opposite that would be expected if OAT3, like OAT1, played an important role in PT regulation of ␣-ketoglutarate movement. The uptake of organic anions via the OATs is believed to be driven, at least in part, by the exchange of dicarboxylates (such as ␣-ketoglutarate) across the basolateral membrane; however, of note in this regard, OAT1 function has been consistently shown to exchange ␣-ketoglutarate with organic anions taken up into the PT, although this has not been consistently demonstrated for OAT3. Taken together with the metabolomics data, as well as the comparison of the molecular properties of the endogenous metabolites, the data appear to support the idea that although OAT1 and OAT3 share many functional properties, OAT1 plays a larger role in regulation/modulation of proximal tubule metabolism, whereas OAT3 likely plays a larger role in systemic metabolism, particularly through regulating/modulating the flow of metabolites through the gut-liver-kidney axis. This raises the question of how these differing physiological roles of OAT1 and OAT3 are controlled at the transcriptional level, a question that is beginning to receive more attention (80 -82).
Experimental procedures
Animals
All experimental protocols were approved by The University of California San Diego Institutional Animal Care and Use Committee (IACUC), and the animals were handled in accordance with the Institutional Guidelines on the Use of Live Animals for Research. Adult (n ϭ 3) wild-type, Oat3KO male mice were housed separately under a 12-h light/dark cycle and were provided access to food (standard diet) and water ad libitum.
Metabolomic analysis
Serum samples (at the time of blood collection) from adult male wild-type (WT) control and Oat3KO mice were obtained, and individual unpooled samples were stored at Ϫ80°C, and all samples were shipped together on dry-ice to Metabolon (Durham, NC) for preparation and metabolomic profiling analysis (83, 84) . Samples, prepared using the automated MicroLab STAR system (Hamilton, Reno, NV), were subjected to ultrahigh performance liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS) as described previously (27) .
Compound identification, quantification, and data curation and statistics
A total of 611 compounds (metabolites) of known identity were detected and identified across both groups (83, 84) . Metabolites were identified by automated comparison of the ion features in the experimental samples to a reference library of chemical standard entries that included retention time, molecular weight (m/z), preferred adducts, and in-source fragments as well as associated MS spectra and curated by visual inspection for quality control using software developed at Metabolon (83, 84) . Metabolites with missing intensity scores, indicating low levels of the metabolite in a particular sample, were imputed with the minimum value for the study following rescaling of the metabolites to set the median equal to 1.
Peaks were quantified using area-under-the-curve, and twoway analysis of variance testing was used to calculate the p values. To take into account multiple comparisons of the data, an estimate of the false discovery rate (q value) was calculated, and a metabolite was considered to be statistically different when p Ͻ 0.05 and q Ͻ 0.10. Pathway enrichment analyses were also performed using Metabolon software.
Raw metabolomics data were also analyzed with the statistical analysis functionalities of MetaboAnalyst 3.0 (85), and partial least squares discriminant analysis was used to assess the separability of the wild-type and Oat3KO samples; because there were less than 2000 features, the missing value estimation step was skipped, and the data were not filtered, but it was normalized using log transformation. For visualization and analysis of the detected metabolites within relevant networks of metabolic pathways, the KEGG identifications for the detected metabolites were input into MetaboLync pathway analysis software, a Cytoscape plugin.
Statistical analysis of physicochemical properties of metabolites
A comprehensive list of in vivo endogenous metabolites altered in plasma or urine of either Oat1KO or Oat3KO mice was compiled from both this study and previous metabolomics analyses (supplemental Table 4 ) (11, 12, 17, 20, 25, 27, 86) . The conditions under which the Oat1KO metabolomics were performed have been described (11, 20) , and these are generally similar to the conditions of the Oat3KO analysis. The physicochemical properties of the metabolites, calculated using ICM or PubChem, were compared, and t tests were performed to determine statistically significant differences between the two groups of metabolites.
Clusterization of in vivo and in vitro OAT3 metabolite ligands
The structure data files for both in vivo and in vitro OAT3 metabolite ligands were retrieved from PubChem and input into ICM. Initially, the in vivo OAT3 metabolite ligands were hierarchically clustered based on their chemical substructure using the Unweighted Pair Group Method with Arithmetic
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Mean algorithm in ICM. The splitting threshold was 0.58 for the in vivo metabolites and resulted in the clusterization of Oat3KO metabolite ligands into nine structurally distinct groups. For the combined clusterization of the in vivo and in vitro Oat3KO metabolite ligands, the splitting threshold was 0.54 and resulted in the clusterization of the metabolite ligands into the nine structurally distinct groups as above.
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